interpreted to indicate possible upregulation of PTHrP, and, in particular, the PTHrP mid-molecule that regulates placental calcium transfer (3) .
We address the remaining important questions about the relative roles of PTHrP and PTH in regulating fetal calcium homeostasis: First, whether PTH plays an important role in fetal calcium homeostasis, and second, what tissue source(s) of PTHrP is important for fetal calcium homeostasis. Regarding the latter question, indirect evidence suggests that the parathyroids are a major source of fetal blood PTHrP in sheep (4, 5) , but direct confirmation of this hypothesis is lacking. In fact, a detailed study of the parathyroids of fetal rats found abundant PTH mRNA but no detectable PTHrP mRNA (10) , suggesting that the fetal parathyroids are not the source of PTHrP in the circulation of that species. PTHrP is expressed widely in fetal tissues (including the placenta) (1, 11) , any number of which might contribute to the circulating PTHrP level and the regulation of placental calcium transfer.
To address both questions, we utilized several mouse models, including a model in which parathyroid glands are missing as a consequence of a genetic deletion (12) . In the latter model, Hoxa3-null fetuses die soon after birth, with abnormalities in tissues derived from the third and fourth pharyngeal arches, including thyroid hypoplasia, deletion of the thymus, and (most relevant to our studies) absence of parathyroids. Thus, in addition to lacking PTH, these null mice should lack PTHrP that is derived from the parathyroids, but should retain PTHrP that is derived from the placenta and other fetal tissue sources. This model enabled us to examine the physiological contribution of the parathyroids to fetal calcium metabolism, and, in particular, to determine whether that role is accomplished through PTH, PTHrP, or both. By comparing and contrasting the effects of loss of parathyroids (in Hoxa3-null) to loss of PTHrP (in Pthrp-null) and resistance to PTH action (in Pthr1-null), both the role of PTH and the source(s) of PTHrP relevant to fetal calcium metabolism were examined.
We find that lack of parathyroids in Hoxa3-null fetuses leads to absence of circulating PTH and clear disruptions in mineral metabolism that establish a definite role for PTH in normal fetal calcium homeostasis. However, absence of parathyroids did not alter serum PTHrP levels or the rate of placental calcium transfer, indicating that the parathyroids may not contribute significantly to the circulating PTHrP level or the regulation of placental calcium transfer. We then re-examined the Pthr1 model (in which placental calcium transfer is upregulated) and found increased serum PTHrP levels and evidence of upregulation of PTHrP by fetal liver and placenta. Altogether, the observations in these contrasted mouse models indicate that the parathyroids do play a role in fetal calcium metabolism through the production of PTH but possibly not PTHrP, whereas placenta and liver (and possibly other fetal tissues) may contribute to fetal calcium metabolism through the production of PTHrP.
Methods
Knockout mice and genotyping. Hoxa3, Pthrp, Pthr1, and Casr gene knockout mice were obtained by targeted disruption of the murine genes in embryonic stem cells, as described previously (2, 6, 8, 12, 13) . Within-knockout comparisons were made among fetal littermates only. Each strain was back-crossed into Black Swiss (Taconic Inc., Germantown, New York, USA) for at least three generations to provide a comparable genetic background among the colonies. Mice were mated overnight; the presence of a vaginal mucus plug on the morning after mating marked gestational day 0.5. Normal gestation in these mice is 19 days. All mice were given a standard chow diet and water. All studies were performed with the prior approval of the Institutional Animal Care and Use Committee of the Massachusetts General Hospital, and the Institutional Animal Care Committee of Memorial University of Newfoundland.
Genomic DNA was obtained from fetal tails, and genotyping was accomplished by PCR using primers that were specific to the Hoxa3, Pthrp, Pthr1, and Casr gene sequences (3, 9, 12) , in a single-tube, 36-cycle PCR reaction utilizing a PTC-200 Peltier Thermal Cycler (MJ Research, Cambridge, Massachusetts, USA). For the double-knockout mice, genotyping of the Casr alleles and Hoxa3 alleles was accomplished in two separate PCR reactions.
Whole blood and amniotic fluid collection. In general, fetal blood was drawn on day 18.5 of gestation to maximize the volume of serum or whole blood obtained. Pregnant mice were sacrificed by cervical dislocation to avoid the effects of anesthesia and hypoventilation on the ionized calcium, pH, and PTH. The neck of each individual fetus was incised. Whole blood (∼40-75 µl obtainable per fetus) was collected into heparinized capillary tubes for ionized calcium measurements and into plain capillary tubes (no anticoagulant) for serum collection. For plasma PTHrP measurements, whole blood was collected into plain capillary tubes that had been flushed first with an EDTA-aprotinin buffer (0.5 M Na 2 EDTA and 40 TI units per milliliter of aprotinin). Heparinized samples were kept on ice until used. All other samples were separated by centrifugation; sera or plasma was then stored at -20°C until assayed.
Amniotic fluid was collected from fetuses on day 17.5 of gestation, as the amniotic fluid was generally too scanty and viscous on day 18.5. Individual gestational sacs were lanced, and amniotic fluid was collected into heparinized 100 µl capillary tubes and stored at -20°C until used.
Maternal blood was collected into capillary tubes from the tail vein, immediately before a caesarian section on day 18 ± 0.5 of pregnancy.
Placental calcium transport. This procedure has been described in detail elsewhere (3) . Briefly, pregnant dams on day 17 ± 0.5 of gestation were given an intracardiac injection of 50 µCi 45 Ca and 50 µCi 51 Cr-EDTA. Five minutes later, the dam was sacrificed, and each fetus was removed. The ratio of 45 Ca/ 51 Cr radioactivity was determined for each fetus using a γ-counter and a liquid scin-tillation counter, respectively. The data were normalized to the mean 45 Ca/ 51 Cr activity ratio of the Hoxa3 +/-fetuses in each litter, so that the results from different litters could be compared. Owing to the effect of rounding of the individual normalized values, the overall mean for all Hoxa3 +/-fetuses was not exactly 100%.
Chemical assays. Ionized calcium was measured on whole blood using a Chiron Diagnostics 634 Ca ++ /pH Analyzer (Chiron Diagnostics, East Walpole, Massachusetts, USA). Total calcium and magnesium were determined on serum and/or amniotic fluid using photometric assays (Sigma-Aldrich, Oakville, Ontario, Canada). Serum PTH was measured using a rodent PTH 1-34 immunoradiometric assay (IRMA) kit (Nichols Institute, San Juan Capistrano, California, USA); the stated detection limit of the assay was 2.0 pg/ml. Calcitonin was measured with an IRMA specific for rat calcitonin (Immutopics, San Clemente, California, USA) (14) . In lieu of mouse calcitonin standards, values were expressed as pg-equivalents rat calcitonin/ml; the stated detection limit of the assay was 1.0 pg/ml. Plasma PTHrP was measured using a sensitive RIA with an NH 2 -terminal epitope; the detection limit of this assay in human plasma is normally 2 pmol/l (15) . When applied to the assay of mouse plasma, assay buffer was used instead of human plasma as diluents for standards. Using this assay, in Pthrp-null fetuses a reading of 3.8 ± 0.3 pmol/l was obtained for plasma, significantly lower (P < 0.001) than the reading of 5.7 ± 0.2 pmol/l in the littermates. Assuming no circulating PTHrP in the Pthrp-null fetuses, and given that the standard curve contains no plasma, the level of 3.8 pmol/l reflects nonspecific inhibition of antibody binding by plasma and may approximate the detection limit of the assay under these conditions. For the PTH, PTHrP, and calcitonin assays, three or four samples of mouse serum were pooled together to obtain sample volumes of 100 µl. These pooled samples were then diluted (if necessary) with zero standard to meet the sample size requirements of the assay.
Tissue collection. For total RNA, the following fetal tissues were taken from embryonic day (ED) 18.5 fetuses: head, neck (to represent the parathyroids), lung, liver, umbilical cord, and placenta. The tissues were harvested quickly after a rapid cervical dislocation and caesarean section, and the tissues were snap-frozen in liquid nitrogen before being placed at -80°C for storage. For immunohistochemistry and in situ hybridization, fetal liver, placenta, and maternal liver (control) were harvested. The liver was placed directly into formalin for initial fixation, whereas the placentas were obtained after placental perfusion with paraformaldehyde (see later here).
Placental fixation by perfusion. Fixation by placental perfusion with paraformaldehyde was carried out to minimize the degradation in mRNA or protein levels that might occur during fixation and processing of the RNase and protease-rich placental tissues (16) . Subsequently, the placentas were removed and placed in 10% formalin for standard processing, embedding in paraffin, and sectioning.
Riboprobe and DNA probe labeling. For in situ hybridization, the plasmids were linearized with appropriate restriction enzymes, and labeled with 125 µCi of 35 S-UTP using an SP6/T7 Transcription Kit (Promega/Fisher Scientific Ltd., Burlington, Ontario, Canada), and the appropriate polymerase. Unincorporated nucleotides were removed with the NucTrap columns (Stratagene, La Jolla, California, USA) per package instructions. For Northern blots, the insert was cut out of the plasmid and purified using an Ultrafree-MC spin column (Millipore Corp., Bedford, Massachusetts, USA). A standard random priming protocol, with the DNA polymerase Klenow, was used to generate α-32 P-labeled DNA probes. Unincorporated nucleotides were removed with NucTrap columns.
A plasmid containing a cDNA for full-length rat PTHrP was used for in situ hybridization and the Northern blot. A plasmid containing a human cDNA for Cyclophilin (Cyclo) was used to verify total RNA loading on the Northern blot.
Northern blot analysis. Frozen tissue samples were placed directly into Trizol reagent, and homogenized for 1 minute with a tissue homogenizer at high speed. Total cellular RNA isolation was performed according to the protocol that accompanies the Trizol reagent. RNA samples were transferred to a MOPS-formaldehyde agarose gel, electrophoresed, and transferred from the gel to nitrocellulose blots. Blots were hybridized (50% formamide, 4× SSC, 7 mM Tris, 10% dextran sulfate, 100 µg/ml salmon sperm DNA, 2× Denhardt's) with 10 6 -10 7 cpm of probe for 18-20 hour at 70°C in a hybridization oven, washed (2× SSC in 0.1% SDS; 1× SSC in 0.1% SDS; 0.5× SSC in 0.1% SDS; at 55°C for 30 minutes each), and exposed to x-ray film at -80°C. Four separate litters of fetal mice were used independently in these experiments.
In situ hybridization. In situ hybridization was performed on 5-µm tissue sections as described previously (17) . Hybridization was performed in a humidified chamber (for 16 hours at 55°C) with the labeled riboprobe diluted 1:20 in the hybridization solution. Sections were successively washed, RNase treated, and dehydrated in graded ethanol series. An overnight exposure of the slides to plain x-ray film enabled an estimate of exposure time for the liquid emulsion step. Slides were then dipped into NTB-2 liquid emulsion, dried, stored in light-tight boxes, and kept at 4°C until developed (2-6 weeks). The emulsion was developed using standard developer and fixer, and the sections were then counterstained with hematoxylin-eosin.
All comparisons of wild-type to null were made between tissues obtained from within the same litter and that had been processed, embedded, and sectioned at the same time. Also, such comparative sections were always hybridized together with the same probe and washed together, to validate the comparison and to minimize artifacts. Assessments of signal intensity were determined in a blinded fashion (no knowledge of the genotype). The reproducibility of the results was confirmed independently on at least three separate litters.
Immunohistochemistry. PTHrP immunohistochemistry was performed using standard immunohistochemical technique with the following specific adaptations: Washes consisted of PBS containing 5% newborn bovine serum (PBS/NBS) (Life Technologies Inc., Burlington, Ontario, Canada). Nonspecific staining was blocked with normal goat serum diluted in PBS/NBS. Primary antibody was rabbit anti-PTHrP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (18), diluted 1:200 in PBS/NBS, and applied at 20°C for 60 minutes (this step was omitted from control sections). Biotinylated secondary antibody was goat anti-rabbit (Vector Canada, Burlington, Ontario, Canada), diluted in PBS/NBS, and applied at 20°C for 30 minutes. ABC reagent (Vector) was diluted in PBS and applied at 20°C for 30 minutes. DAB-Tris-peroxidase substrate (Vector) was placed over the sections, and the reaction was allowed to develop for 3-10 minutes. Sections were counterstained with Contrast Red (Life Technologies Inc.), washed, dehydrated, and mounted. Assessments of staining intensity were determined in a blinded fashion (no knowledge of the genotype). The reproducibility of the results was confirmed independently on at least three separate litters. Pthrp-null tissues of similar archival age were used as independent controls for antibody specificity; such tissues were treated and stained together with the wild-type and Pthr1 tissues with which they were compared.
Statistical analysis. Data were analyzed using SYSTAT 5.2.1 for Macintosh (SYSTAT Inc., Evanston, Illinois, USA). ANOVA was used for the initial analysis; Tukey's test was used to determine which pairs of means differed significantly from each other. Two-tailed probabilities are reported, and all data are presented as mean ± SE. 
Results

PTH and calcitonin secretion in Hoxa3 mutant fetuses.
A previous histological study of Hoxa3-null fetuses had failed to detect any recognizable parathyroid tissue and had suggested that the thyroid tissue (including C cells) was hypoplastic (12) . To demonstrate that Hoxa3-null fetuses lack all parathyroid cells capable of secreting PTH, the serum PTH level was assayed. As seen in Figure 1 , the serum PTH level was undetectable in Hoxa3-null fetuses and was reduced in the heterozygotes compared with the wild-type. In contrast, assay of the serum calcitonin level showed no significant differences among the genotypes ( Table 1) . The normal calcitonin levels in the Hoxa3-null fetuses make it unlikely that hypoplasia of the thyroidal C cells would have a significant impact on calcium and bone metabolism in these fetuses. These data demonstrated that Hoxa3-null fetuses lack serum PTH and, therefore, probably all parathyroid cells.
That the Hoxa3-null mice lack PTH is a distinguishing characteristic from the recently described Gcm2 knockout mice, which also lack parathyroids but have normal circulating PTH levels due to production of PTH by the thymus (19) . The absence of the parathyroids and thymus in the Hoxa3-null mice explains the complete lack of serum PTH in this model. It is also apparent from these results that loss of one Hoxa3 allele is sufficient to affect parathyroid hormone levels; this finding underscores the importance of Hoxa3 in fetal parathyroid formation and function.
Fetal mineral metabolism in Hoxa3-null fetuses. The aparathyroid Hoxa3-null fetuses had an ionized calcium of 1.07 ± 0.03 mmol/l, which was significantly lower than the ionized calcium of the littermates (Table  1 ). The maternal-fetal calcium gradient was obtained by subtracting the maternal ionized calcium level (1.24 ± 0.02 mmol/l) from the fetal level. Although wild-type and heterozygous fetuses had an average calcium gradient of +0.24 mmol/l, the gradient was reversed to -0.17 mmol/l in Hoxa3-null fetuses.
We previously reported that the ionized calcium of Pthrp-null fetuses was reduced to a level equal to the maternal ionized calcium, and that, as a consequence, the maternal-fetal calcium gradient was zero (3). In addition, Pthr1-null fetuses had an ionized calcium that was lower than the maternal ionized calcium concentration, such that maternal-fetal calcium gradient was reversed. Therefore, the ionized calcium level of Hoxa3-null fetuses is closer to that of Pthr1-null fetuses and suggests that the lower serum calcium cannot be explained by loss of PTHrP alone. The biochemical phenotype of the Hoxa3-null fetuses was further characterized as shown in Table 1 . The total calcium level was also significantly lower in Hoxa3-null fetuses, whereas the serum phosphate level was increased. The serum magnesium was reduced in parallel with the serum calcium level. Amniotic fluid was collected as a surrogate for fetal urine, and the calcium content of amniotic fluid was found to be significantly reduced in the Hoxa3-null fetuses. The low amniotic fluid calcium content of the Hoxa3-null fetuses is consistent with the reduced serum ionized calcium and renal filtered load of calcium; in contrast, Pthrp-null fetuses (whose blood calcium is not as low as in Hoxa3-null) have unaltered amniotic calcium levels (data not shown). The raised serum phosphate is consistent with hypoparathyroidism and suggests that the fetal parathyroids may control the fetal serum phosphate (although Pthrp-null mice also have similarly raised serum phosphate levels). 
Fetal mineral metabolism in Hoxa3-Casr double mutants.
We previously reported that Casr-null fetuses are hypercalcemic in utero with marked hyperparathyroidism and elevated PTH levels (9) . Further, double-knockout Pthrp -/-Casr -/-fetuses had a higher ionized calcium than the Pthrp-null alone (presumably due to hyperparathyroidism as a consequence of the disrupted Casr). To validate further the hypothesis that Hoxa3-null fetuses lacked parathyroid cells and to demonstrate the role of PTH in mediating the phenotype of the Casr knockout mouse, double-knockout Hoxa3 -/-Casr -/-fetuses were created. In this background, wild-type fetuses had an ionized calcium of 1.72 ± 0.18 mmol/l. By comparison, single mutant Hoxa3 -/-fetuses had an ionized calcium of 1.41 ± 0.08 mmol/l, whereas that of Hoxa3 -/-Casr +/-fetuses was 1.43 ± 0.09 mmol/l, and of Hoxa3 -/-Casr -/-double knockout fetuses was 1.40 ± 0.10 mmol/l (P = not significant). The ionized calcium of Hoxa3-null fetuses was unaltered by a disrupted Casr, consistent with the absence of parathyroids, and thereby the inability to respond to a Casr mutation.
Placental calcium transfer in Hoxa3 mutant. The lower blood calcium of Hoxa3-null fetuses could result from such diverse mechanisms as reduced placental calcium transfer, decreased skeletal calcium resorption, increased mineral accretion by the skeleton, decreased renal tubular reabsorption of calcium, and absence of the parathyroid calcium receptor. We examined the contribution of placental calcium transfer by intracardiac injection of pregnant mice with 45 Ca and 51 Cr-EDTA (3). Using this technique, the placental calcium transfer of Hoxa3-null fetuses was no different from that of the heterozygous and wt littermates (Table 1, bottom) . Therefore, loss of fetal parathyroids did not affect placental calcium transfer in the Hoxa3-null fetuses.
Fetal plasma PTHrP in Hoxa3 and Pthr1 mutants. Because absence of the parathyroids in the Hoxa3-null fetuses did not impair placental calcium transfer, the parathyroids, and PTH in particular, are not required for maintenance of normal placental calcium transfer. If the parathyroids are an important source of PTHrP in the circulation, absence of the parathyroids might alter the circulating level of PTHrP. To assess this, we measured PTHrP 1-34 in fetal plasma on day 18.5 of gestation. Hoxa3-null fetuses had a plasma PTHrP level that was no different from that of the heterozygous and wild-type littermates (Figure 2a) . Thus, loss of fetal parathyroids did not affect either the plasma PTHrP 1-34 level or the rate of placental calcium transfer.
To validate further the significance of the unaltered plasma PTHrP 1-34 level and the sensitivity of the assay under these experimental conditions, we next turned to the Pthr1 knockout model. We had previously observed that Pthr1-null fetuses had a placental calcium transfer rate that was upregulated to about 150% of the het- erozygous and wild-type value (3). We had speculated that this might reflect upregulation of PTHrP and its effects on placental calcium transfer. Therefore, we next measured plasma PTHrP 1-34 in Pthr1-null fetuses and found the level to be 63.5 ± 2.9 pmol/l, a value 11-fold that of heterozygous and wild-type littermates ( Figure  2b) . Thus, increased placental calcium transfer in the Pthr1-null fetus was associated with a marked increase in the plasma level of PTHrP; the decreased placental calcium transfer in the Pthrp-null was associated with a reduction in plasma PTHrP; and the aparathyroid (PTH-less) Hoxa3-null had normal placental calcium transfer and normal plasma PTHrP levels.
Tissue sources of PTHrP in the fetus. The striking increase in plasma PTHrP level of the Pthr1-null fetuses enabled a focused search in this model to determine which tissue(s) might be overexpressing PTHrP and possibly contributing to the increased plasma level. The fetal parathyroids were too small to be isolated, and thus a whole neck section was used to represent the parathyroids. By Northern analysis of total RNA, a consistent increase in PTHrP mRNA was detected in placenta and liver of the Pthr1-null fetuses (Figure 3 ), but not in neck (Figure 3 ) or in head, lung, and umbilical cord (data not shown).
Next, sections of liver and placenta were examined by in situ hybridization and immunohistochemistry to determine which cell types were producing PTHrP. As seen in Figure 4 , PTHrP mRNA was diffusely expressed in both wild-type and Pthr1-null placenta, but the signal intensity was consistently increased in the Pthr1-null placenta. That this increase in mRNA resulted in increased production of protein was confirmed by immunohistochemistry, as seen in Figure 5 . The peripheral and basal aspects of the placenta, which contains the spongiotrophoblasts and giant trophoblasts, had more intense PTHrP immunoreactivity than the labyrinthine (syncytial) trophoblasts that make up the bulk of the murine placenta (Figure 5e ). This difference was maintained in the Pthr1-null placenta, but with more intensive PTHrP immunoreactivity in all three trophoblast cell types (compared with wild-type) ( Figure 5 , compare h with e). PTHrP immunoreactivity was also present in the intraplacental yolk sac (IPYS) of the wild-type and Pthr1-null placenta, more intensely in the columnar cells on the visceral side of the IPYS, and most intensely in the Pthr1-null ( Figure 5 , compare i with f). In contrast to the findings in the Pthr1-null placenta, no difference in PTHrP expression (mRNA or protein) was noted between wildtype and Hoxa3-null placentas (data not shown).
Examination of fetal liver showed the normal disarray of proliferating hematopoietic cells and liver cells, with expression of PTHrP in both lineages. PTHrP immunoreactivity was markedly increased in hematopoietic and liver cells of the Pthr1-null liver sections ( Figure 6 , compare h and i with e and f). Thus, both placenta and liver were demonstrated to have increased expression of PTHrP (mRNA and protein) in the Pthr1-null fetus, which has increased circulating levels of PTHrP. 
